[1] Near-planetary-period oscillations in the Cassini plasma and magnetic field data have been observed throughout Saturn's magnetosphere despite the fact that Saturn's internal magnetic field is apparently highly axisymmetric. In addition, the period of the Saturn kilometric radiation has been shown to vary over time. In this paper we present results from the recent Hubble Space Telescope observations of Saturn's southern ultraviolet auroral emission. We show that the center of the auroral oval oscillates with period 10.76 h ± 0.15 h for both January 2007 and February 2008, i.e., close to the periods determined for oscillations in other magnetospheric phenomena. The motion of the oval center is described for 2007 by an ellipse with semimajor axis $1.4°± 0.3°oriented toward $09-21 h LT, eccentricity $0.93, and center offset from the spin axis by $1.8°t oward $04 h LT. For 2008 the oscillation is consistent with an ellipse with semimajor axis $2.2°± 0.3°oriented toward $09-21 h LT, eccentricity $0.99, and a center offset from the spin axis by $2.2°toward $03 h LT. The motion of the auroral oval is thus highly elliptical in both cases, and the major oscillation axis is oriented toward prenoon/ premidnight. This result places an independent constraint on the magnitude of the planet's dipole tilt and may also indicate the presence of an external current system that imposes an asymmetry in the ionospheric field modulated close to the planetary period.
Introduction
[2] The intrinsic magnetic field of a planet is thought to be generated deep within the planetary interior, such that the rotation period of the magnetic field is generally taken to represent the internal rotation period of the planet. However, Saturn's planetary magnetic field is found to be highly axisymmetric (i.e., rotationally symmetric about the spin axis), rendering direct measurement of the rotation period problematic [Smith et al., 1980; Dougherty et al., 2005] . In spite of this, oscillations near the planetary period have been observed in the magnetic field and plasma data throughout all explored regions of Saturn's magnetosphere and numerous attempts to quantify these have been made [Espinosa and Dougherty, 2000; Clarke et al., 2006; Cowley et al., 2006; Giampieri et al., 2006; Carbary et al., 2007a Carbary et al., , 2007b Carbary et al., , 2007c Southwood and Kivelson, 2007] , although the relation to the rotation of Saturn's deep interior is unclear at present. The periodic Saturn kilometric radiation (SKR) was originally thought to be a reasonable proxy for the rotation of the magnetic field, since it is emitted by charged particles whose motion is governed by the magnetic field, and the Voyager-era SKR period of $10.66 h [Desch and Kaiser, 1981] became the accepted IAU value for the rotation of Saturn's deep interior. However, the SKR period has since been shown to vary over timescales of months to years [Galopeau and Lecacheux, 2000; Gurnett et al., 2005; Kurth et al., 2007 Kurth et al., , 2008 , such that significantly longer periods are currently observed, e.g., $10.82 h as measured by Cassini in January 2007 . The variability of the SKR period probably results from modulation by external processes, such as corotating magnetospheric convection Hill et al., 1981; Gurnett et al., 2007; Goldreich and Farmer, 2007] . In these models the nonaxisymmetric production and outflow of plasma from the moons (mainly Enceladus) and rings causes the period to ''slip'' with respect to the planet. The SKR period has also been shown to be correlated with the speed of the solar wind at Saturn, although the cause of this modulation is yet to be determined [Zarka et al., 2007] .
[3] The January 2007 SKR period of $10.82 h is essentially consistent with the magnetic field oscillations near the planetary period that are typically observed within Saturn's magnetosphere, an example of which is shown in Figure 1 . These particular data were obtained by the Cassini magnetic field investigation over the interval from 1200 UT on 13 January to 1200 UT on 15 January 2007, thus during the Saturn HST campaign, when the spacecraft was located in the southern dawn magnetosphere at radial distances between $20 and $14 R S . The ''Cassini'' model of the internal planetary field [Dougherty et al., 2005] has been subtracted, and a high-pass filter with a cutoff at 20 h has been applied in order to center the oscillation about zero. The solid lines show the radial (top) and colatitudinal (bottom) components of the field, the latter referenced to the planet's spin axis, while the dashed line shows how a rotating sinusoidal signal with a period of 10.815 h would be observed by Cassini, taking account of the azimuthal motion of the spacecraft . Recently, a relatively small value of $10.54 h for the rotation period of the deep interior has been derived from Cassini gravitational data [Anderson and Schubert, 2007] . The rotation period of Saturn's interior is thus not well determined.
[4] As for the planetary period, considerable debate is taking place about the nature of the planetary magnetic field. While measurements of the near-planetary field indicate a dipole tilt of $1°or less [Smith et al., 1980] , such that the field is near-axisymmetric as indicated above, measurements at large distances suggest much larger tilts of up to $10° [Khurana et al., 2007] , which are thus most likely due to the presence of a variable rotating external current system such as that associated with the SKR modulation. One independent way to assess the asymmetry in the planetary field is to examine the motion of the auroral oval over the planetary period, since a tilt in the dipole relative to the spin axis will cause the center of the oval to rotate with the planet as observed at both Earth and Jupiter [Grodent et al., 2003] . Small motions of the oval can also be caused by a rotating external current system, but the effects of the latter are minimized in the ionosphere where the auroras are formed, since the field there is clearly dominated by the internal planetary field. Observations of oval motion can thus at least set an important upper limit to the size of the dipole tilt of the internal planetary field. Here we report that Saturn's southern auroral oval does indeed oscillate, with an elliptical motion of semimajor axis $1-2°in amplitude, and with a period of $10.76 h ± 0.15 h. This result places an independent constraint on the magnitude of the planet's dipole tilt and may also indicate the presence of an external current system that imposes an asymmetry in the ionospheric field modulated close to the planetary period.
Observations
[5] Saturn's ultraviolet (UV) auroras have been observed for many years [Broadfoot et al., 1981; Clarke et al., 1981; Gérard et al., 1995] but recently high-resolution images using the Hubble Space Telescope (HST) Space Telescope Imaging Spectrograph and Advanced Camera for Surveys (ACS) have revealed highly dynamic auroral emissions that are controlled to a significant degree by the solar wind [Gérard et al., 2004; Clarke et al., 2005; Grodent et al., 2005] . Saturn's auroras generally take the form of a $2°w ide ring or spiral fixed in local time (i.e., the pattern is independent of the rotation of the planet) whose poleward and equatorward boundaries have median locations of $14°a nd $16°colatitude, respectively at noon, although these are highly variable, ranging from 2°to 20°for the former and between 6°and 23°for the latter Grodent et al., 2005; Badman et al., 2006] . Auroral rings can be formed by ionospheric flow shears due to either momentum transfer internal to the magnetosphere, such as the system associated with Jupiter's main auroral oval [Hill, 2001; Cowley and Bunce, 2001; Nichols and Cowley, 2004] , Figure 1 . An example of the oscillation observed in Saturn's magnetosphere by the Cassini magnetometer. These data were obtained over the interval from 1200 UT on 13 January to 1200 UT on 15 January 2007. The solid lines show the (top) radial and (bottom) colatitudinal components of the field, while the dashed line shows how a rotating sinusoidal signal with a period of 10.815 h would be observed by Cassini.
or the solar wind interaction at the open-closed field line boundary [Cowley et al., 2004a] . Theoretical analysis [Cowley et al., 2004b] , statistical studies of the location of the auroral emission [Badman et al., 2006] , and the recent observation of a field-aligned current at the open-closed field line boundary coincident with HST images of the aurora [Bunce et al., 2008a] indicate that the latter is more likely in Saturn's case. The above mentioned studies have assumed that the spin and magnetic axes are coaligned, such that any change in the auroral oval boundary locations has been associated with the amount of open flux present in the magnetic tail, and no connection of the overall position of the oval with planetary rotation has thus far been made. We address this issue in the present paper.
[ 2 , large enough to encompass Saturn and a significant portion of the rings. Images were taken in groups of five using the F115LP, F125LP, and F140LP longpass filters, which have short wavelength cutoffs of 115 nm, 125 nm, and 140 nm, respectively. The F115LP filter admits H 2 Lyman and Werner bands and H Lyman-a emission, the F125LP filter mostly excludes the H Lyman-a band, and the F140LP filter excludes all the Werner and Lyman-a emission. For further details of the spectra of outer planet auroral emission, see, e.g., Clarke et al. [2004] and Gérard et al. [2002] . During each 100 s exposure the blurring introduced by planetary rotation of any corotating features is $1°at the central meridian longitude (CML). The raw images were reduced using a custom-built pipeline in which the images were corrected for geometric distortion and scaled to 0.025 arcsec pixel
À1
, flat-fielded and dark-count calibrated using the latest calibration files available from the Space Telescope Science Institute. The images were then converted from counts pixel À1 to kR of H 2 plus Lyman-a emission (where 1 kR represents a photon source flux of 10 9 cm À2 s À1 radiating into 4p steradians) using the conversion factors 1 kR = 2.103 Â 10 À3 , 1.473 Â 10 À3 , and 7.436 Â 10 À4 counts s À1 pixel for the F115LP, F125LP, and F140LP filters, respectively. These conversion factors were calculated using the Gérard et al. [2002] synthetic UV spectrum of H 2 plus Lyman-a emission.
[7] The position angle of the planet's spin axis was obtained from the NASA Navigation and Ancillary Information Facility SPICE system [Acton, 1996] . The planet center pixel was found by manually fitting simulations of the major rings and the planet's limb (taken to be the height of the homopause, estimated to be 650 km above the 1 bar level at auroral latitudes, taking into account the planet's obliquity and the terminator) as viewed from HST to each group of images. The ring boundaries are useful for this purpose since they are very sharp and independent of planetary surface features and thus should not introduce systematic error at the planetary period. This procedure is estimated to be accurate to within 2 pixels in both vertical and horizontal directions, approximately equal to the pointspread function of the instrument. The movie file Movie S1 in the auxiliary material shows the reduced images with the computed latitude-longitude grid and major ring boundary locations overlaid.
1 The location of the modeled ring boundary locations is consistent with observation in all the images and indicates that the variation of the location of the auroral oval with respect to the spin pole is not an artifact of image reduction. The images obtained are publicly available at http://www.bu.edu/csp/PASS/main.html.
[8] Planetocentric projections were generated from the reduced images, which simulate a viewpoint looking down from above the north pole, i.e., through the planet for the case of the southern auroras, with the central meridian longitude (CML) oriented toward the bottom. This simulated viewpoint is conventional for Earth's auroras since it allows easy comparison with images of the northern auroras and satellite data, where available. We note, however, that the Earth's auroras are generally plotted in magnetic coordinates, whereas here we use kronicentric coordinates referenced to the spin axis. The accuracy of the projection decreases toward the limb of the planet due to the increasing obliquity of the planet's surface with respect to the observer, so the projections are clipped a few degrees from the limb to remove the inaccurate artificially stretched region. We note that the planet's oblateness of 0.09796 is taken into account in the procedure, and for further details of the accuracy of the projections, see Grodent et al. [2005] . Groups of five images were superposed in order to increase the signal-tonoise at the cost of longitudinal blurring due to the planet's rotation of up to $5°at the CML for corotating features. This is an upper limit, since the blurring is reduced at longitudes away from the CML and in reality features are observed to slide along the oval at $20-70% of corotation. The auroral emission was further highlighted by the subtraction of a simulated reflected sunlight background disc. The disc was created by fitting modified Minnaert functions [Vincent et al., 2000] separately to the dawn and dusk limbs and then applying a latitudinal intensity profile in which the auroral region intensity was linearly interpolated from lower latitudes. The background was removed such that the residual counts equatorward of the auroral oval, representing experimental noise, sum to zero. An example of an averaged projected image with the background removed is shown in Figure 2 .
Analysis

Determination of the Oval Location
[9] The ''location'' of Saturn's auroral emission, as defined by the poleward and equatorward boundaries, has been shown to be highly variable, especially the poleward boundary Grodent et al., 2005; Badman et al., 2006] , which under the above physical interpretation may be representative of the open-closed field line boundary. In this study we have modeled the location of the auroral emission with circles fitted to the equatorward boundaries of the auroral emission. We note that this approach differs from studies of the terrestrial auroras [e.g., Carbary et al., 2003] , in which Gaussians are fitted to the latitudinal intensity profiles, but we chose the equatorward boundary for a number of reasons. First, the equatorward boundary is more stable and circular than the poleward boundary, which is sometimes modified by poleward expansions that make fitting a circle inappropriate. Indeed, in many cases emission extends high into the polar region and the location of the poleward boundary is very hard to detect, if one exists at all. In addition the aurora is emitted from a $1000 km high curtain, which is not taken into account in the projection routine. The ''poleward'' edge of the oval is thus modified by the finite height of the curtain, due to the obliquity of the view from Earth, with varying effect around the oval. The equatorward edge is not affected by the obliquity of the view. The fitting was done with an automated fitting routine which first sums the image over 10°longitude bins to increase the signal to noise, then, for each longitude bin which exhibits a sharp equatorward boundary, measures the latitude of the large negative gradient associated with the decrease in intensity on the equatorward edge of the oval, and finally computes the best fit circle along with associated uncertainties. Only those images that exhibited auroral emission to which a circle could be reasonably fitted were considered, such that images with a distinctly nonoval morphology or those with an auroral arc less than a quarter of circle in length were discarded. The discarded images numbered 14 out of 52 images for 2007 and 26 out of 78 for 2008, and their occurrence is not linked to a specific CML or phase, since Saturn's auroral morphology is determined by conditions in the interplanetary medium Clarke et al., submitted manuscript, 2008] . The mean of the standard errors between the boundary locations and the best fit circles is $1.04°and $1.48°for 2007 and 2008, respectively, values which represent $6% and $8% of the mean circle radius of 18°. A circle thus represents a reasonable first- Figure 2 . An example of a projected HST/ACS-SBC image of Saturn with the reflected sunlight background removed. The image has been log-stretched and saturated at 30 kR, and a dotted 10°latitude-longitude grid is overlaid. The view is simulated such that the observer is looking from above the north pole and the CML is directed to the bottom of the image, such that dawn is to the left and dusk to the right. The red cross shows the location of the kronographic pole. The white circle shows a fit to the equatorward boundary locations shown by the diagonal crosses and the larger white cross indicates its center. The labeled arrows show the directions of the X and Y axes as defined in the text. order approximation to the equatorward boundary of the auroral emission, with three degrees of freedom: X, Y, and R, where (X,Y) are the coordinates of the circle center in a Cartesian system centered on the spin pole, with unit lengths in both directions corresponding to one degree of colatitude from the pole. The X and Y axes are defined such that X is positive toward HST (differing from the sunward direction by only $2°since Saturn was near opposition during both campaigns), Y is positive toward dusk, and R is the circle radius. An example of a fitted circle is shown by the white circle with the cross in the center in Figure 2 , along with the locations of the detected boundary locations. Movies S2 and S3 in the auxiliary material are movies containing all the projected images and fitted circles obtained in this study, arranged in increasing phase 8 determined from the Lomb and correlation analyses described below. The auroral oval in Figure 2 exhibits a displacement toward midnight and dawn, typical of the images taken during this campaign as highlighted by the best fit analysis discussed below. The displacement toward midnight is consistent with previous observations and is presumably due to solar wind pressure on the dayside. The general offset toward dawn is interesting, since the oval has been observed previously to be biased toward the duskside [Badman et al., 2006] .
Oscillation of the Oval
[10] The oscillation period was determined from the circle X and Y position values using a Lomb analysis. This technique is useful for identifying sinusoidal periodicities in irregularly spaced data such as the fitted circle locations determined in this study. [11] Considering now the R periodogram, there are no significant peaks colocated with those for X and Y, indicating that the variation in circle location is not due to changes in the size of the observed section of the oval. A peak is evident at $11.4 h for 2007; however, recent evidence suggests that the open-closed field line boundary may be associated with the poleward edge of the auroral oval [Belenkaya et al., 2007; Bunce et al., 2008a] , such that this boundary may be expected to exhibit changes as the amount of open flux in the system varies. Since we fit to the equatorward edge of the oval, we would hesitate to infer physical significance from the variation of this parameter, other than it may be indirectly related to the amount of open flux if the width of the auroral emission region is constant (which it is not). The variation of the location of the poleward boundary is an interesting topic; however, it is beyond the scope of this paper and will be studied in future works.
[12] The overall nature of the motion of the oval is determined by the relative phases and amplitudes of the oscillations in the X and Y components. Given that for both 2007 and 2008 the oscillation periods t determined above are essentially identical for the two components, the overall motion is that of a Lissajous ellipse, whose components are given parametrically by
and
where a and b are the amplitudes of the oscillations about centers x°and y°, and the phases 8 x and 8 y are given by
The resulting ellipse has eccentricity e, given by
where a and b are the semimajor and semiminor axes, respectively, given by 
where d = 8 x°À 8 y°i s the difference between the phases of the X and Y component oscillations. The orientation f of the ellipse measured relative to the dawn-dusk line is given by
The parameters 8 x°a nd 8 y°a re determined below, followed by a and b.
[13] Taking the above mean period of t = 10.76 h for both 2007 and 2008, respectively, the phases of the oscillations were determined using a cross-correlation analysis between the circle center X and Y positions and the sine of phase 8, given by equation (2), with 8°incremented in 1°steps. For simplicity we have taken the zeroes of time t to be at 0000 UT on 1 January 2007 and 2008, respectively. The correlation coefficient profiles for X (solid line) and Y (dashed line) are shown versus 8°in Figures 3b and 3d . The phase 8°with maximum correlation values, along with the values of the cross-correlation coefficient and the width of the region in which the correlation coefficient is greater than 90% of the maximum are given in Table 1 . The values of the correlation coefficients are $0.7-0.9. For 2007 we obtain a phase difference d of 139°, while for 2008 we have a difference of 162°. The gray boxes in Figures 3b and 3d indicate the values of 8°for which the correlation coefficient is greater than 90% of the maximum values, thus indicating the reasonable uncertainty range of the phase determination. The widths of these regions are detailed in Table 1 , and the root-sum-square estimates of the uncertainty in d are $75°f or 2007 and $87°for 2008.
[14] In Figure 4 we plot the X, Y, and R data versus 8 given by equation (2), modulo 360°, with t and 8°taken to Figure 4d . The crosses show the values for each summed image, and the error bars indicate the standard errors in the best fit circle parameters. The solid lines indicate the best fit sinusoids to the data using appropriate period and phase values given in Table 1 , and the surrounding gray shaded regions represent the standard errors of the data with respect to the fits.
be the appropriate values given in Table 1 , determined from the above Lomb and cross-correlation analyses. The error bars show the standard errors of the circle parameters as determined by the best fit routine. The mean of the standard errors in the X component is 0.37°and 0.68°for 2007 and 2008, respectively, while those for the Y component are 0.16°and 0.27°. This difference in the uncertainties between the components arises since the Y component is constrained on both the dawn and dusk sides, while the X component is only constrained on the noonside. Fitting sinusoids to the X and Y data using linear regression yields the oscillation amplitudes a and b, and centers x°and y°, values of which are given in Table 1 and shown in Figure 4 , along with appropriate uncertainty values. Employing these values in equations (3 -6), we obtain ellipse semimajor axis, semiminor axis, eccentricity, and orientation values as tabulated in Table 1 . The 2007 data are consistent with the motion of the oval center on an ellipse with semimajor axis $1.4°± 0.3°, and semiminor axis $0.5°± 0.8°(i.e., not well constrained by these data) oriented toward $09-21 h ± 0.8 h LT, and offset from the spin axis by $1.8°toward $04 h LT. Similarly, the 2008 data are consistent with the motion of the oval center about an ellipse with semimajor axis $2.2°± 0.3°, semiminor axis $0.3°± 1.2°(again, not well constrained) oriented toward $09-21 h ± 0.5 h LT, and offset from the spin axis by $2.2°toward $03 h LT. The above uncertainties in the ellipse properties were computed by combining the individual contributing errors in the standard way.
[15] These ellipses are shown in Figure 5 along with the individually determined center locations and also in the Movies S2 and S3 in the auxiliary material for 2007 and 2008, respectively. The best fit ellipses are shown by the solid lines, and the dashed lines show the above uncertainty ranges in the axes. As discussed above, although the ellipse eccentricity is not well constrained in either case, the motion is in each case described by a very eccentric ellipse whose major axis is oriented toward prenoon/premidnight. It is interesting to note here that the SKR has been shown to be emitted predominantly from the morning sector [Warwick et al., 1981; Lecacheux and Genova, 1983; Galopeau et al., 1995; Lamy et al., 2008] , but the relation of the SKR modulation to the oscillation discussed here remains to be determined. The apparent change of ellipse shape between 2007 and 2008 may be due to either a true phase slippage in the X or Y components relative to each other over this time or the motion is actually similar in both cases and the difference is due to the scatter in the position data. This is presumably due to external, e.g., solar wind-driven, processes modulating the location of the oval, which have not been considered in this work and will be the subject of future studies.
[16] The question remains as to the consistency of the oscillation over timescales longer than a year. The SKR period is variable, but the variation is less than the FWHM of the peaks shown in Figure 3 . Data from previous HST campaigns exist from January 2004 and October 2005, upon which the analysis described above has similarly been used to determine the oval locations. The former campaign, however, was specifically designed to concentrate observations over a small CML range and was characterized by large solar wind disturbances and departures from an oval morphology, rendering many of the images unusable in this analysis. The latter campaign only covered five days and in many of the images the auroral emission was too faint to obtain a robust fit. The Lomb periodograms, in the same format as for Figure 3a , are shown in Figure 6 . Figure 6a shows the January 2007 result, i.e., that shown in Figure 3a , Figure 6c shows the January 2004 result. It can be seen that there is no well-defined peak that stands above the noise in the October 2005 trace, probably due to the limitations described above. For January 2004 there is a peak in the X component at 10.80 h but not one for the Y component. This value is consistent with the 10.76 h ± 0.15 h result obtained from the January 2007 and February 2008 data and indicates that the oscillation could be a long-lived phenomenon, although it is impossible to say whether the difference in the periods is real or due to the significant scatter in the data. A statistically significant shift of the rotation period would imply that the rotation is modulated by external processes, e.g., Hill et al., 1981; Gurnett et al., 2007; Goldreich and Farmer, 2007] , rather than indicating the rotation of the internal field. It will be illuminating to conduct this analysis using future data to investigate the longevity of the oscillation discussed above and also to determine whether the northern oval similarly oscillates.
Nonaxisymmetric Corotating Convection
[17] To illustrate the effect external currents could have upon the position of the auroral oval, we present the following simple example. Bunce et al. [2008a] observed a sheet of upward field-aligned current colocated with the open-closed field line boundary while crossing field lines which map to the auroral oval, and recent work (D. L. Talboys, Characterisation of auroral current systems in Saturn's magnetosphere: High-latitude Cassini observations, manuscript in preparation, 2008) consistently places in situ observations of the field-aligned current within an outer magnetosphere plasma sheet region beyond the main ring current region. According to the model of Bunce et al. [2008b] typical auroral colatitudes of $15°map, depending on the magnetopause subsolar standoff distance, to 13-26 R S , i.e., a few R S inside the magnetopause. We therefore assume that the auroral oval is formed at equatorial distance $20 R S , a value chosen as being representative of this range, and investigate the effect of a nonaxisymmetric current system on the location of the boundary.
[18] At large distances, a current loop centered on and oriented at an angle to the planetary dipole would exactly mimic a tilt in the dipole field. In the present case, the auroral field lines are not very distant from the inferred current loop (see below) and so we find the perturbations numerically. An axisymmetric internal dipole field and ring current (0.4 MA at 15 R S ) are chosen such that unperturbed L = 20 field lines intersect the planet at $15°colatitude, a typical observed radius of the auroral oval. The nonaxisymmetric currents are based on the model of Goldreich and Farmer [2007] in which these currents feed a system of plasma convection in the magnetosphere. We choose to include the dominant currents only, which are of size 0.4 MA and flow along field lines L = 12, connecting the outer part of the plasma outflow to the ionosphere. This part of the narrow Goldreich and Farmer [2007] ''tongue'' is significantly bent away from radial; for definiteness we place outward and return currents separated by 180°in longitude. The results will be qualitatively similar for any reasonably large angle of separation, and the chosen current distribution may also be compatible with other models of magnetospheric convection. We connect outward and return currents in the equatorial plane at 12 R S and around the polar cap of the planet. All currents are shown as arrowed blue lines in Figure 7 . In the inner magnetosphere, these currents give rise to a nonaxisymmetric azimuthal magnetic field of peak to peak amplitude $10 nT, consistent with Cassini measurements [e.g., Cowley et al., 2006] . With the current distribution in place, we integrate from 12 points of equal total field strength in the equatorial plane (B = 4.3 nT, R $ 20 Rs) back to the surface of the planet, using the computer program BiotSavart (Ripplon Software). The resulting points of intersection, plotted in Figure 8 , are systematically offset toward the current by around 1.5°. Given the various factors neglected in this analysis (obliquity of rotation axis, magnetopause currents, etc.) it is difficult to predict the precise nature of the motion of the oval, but an effect of order 1.5°which varies on the rotation period of the current system is expected on the basis of this model.
Summary
[19] In this paper we have examined HST images of Saturn's UV auroras taken over 13 days in January 2007 and 15 days in February 2008, and fitted circles to the equatorward edge of the auroral emission to find the central location of the emission. We have found that the location of the center of the auroral oval oscillates with period 10.76 h ± 0.15 h for both January 2007 and February 2008, i.e ., close to the periods determined for oscillations in other magnetospheric phenomena, such as the SKR and magnetic field data. The oscillation is described for 2007 by an ellipse with semimajor axis $1.4°± 0.3°, and semiminor axis $0.5°± 0.8°oriented toward $09-21 h ± 0.8 h LT, and offset from the spin axis by $1.8°toward $04 h LT. For 2008 the oscillation is consistent with an ellipse with semimajor axis $2.2°± 0.3°, semiminor axis $0.3°± 1.2°oriented toward $09-21 h ± 0.5 h LT, and offset from the spin axis by $2.2°toward $03 h LT. Thus, although the eccentricity of the ellipses is not well constrained in either case, the motion appears very elliptical for both 2007 and 2008 , and in each case the major oscillation axis is oriented toward prenoon/ premidnight.
[20] This oscillation of the oval is a previously unknown phenomenon. Importantly, it is observed in the polar ionosphere, where at $50,000 nT the internal field is dominant, rather than in the more distant magnetosphere where the field is much weaker and more susceptible to modulation by external processes. Given the uncertainty in the nature of the motion, it is not possible to say precisely what the cause of the oscillation is. If the motion were obviously circular, the simplest explanation would be that it represents the motion of the magnetic pole as a $1°tilted dipole rotates with the period of the deep planetary interior. The counterintuitive result that the kronographic pole lies outside the radius of rotation would then occur because the solar wind offset is comparable to the magnitude of the dipole tilt, and the overall location is the sum of these effects. Only if the dipole tilt were greater than the offset due to the solar wind, e.g., as at Earth, would the kronographic pole lie within the radius of rotation. This explanation would, however, raise questions as to why the oscillation appears to be elliptical, or even linear from morning to evening, rather than circular as would be expected from a dipole tilt; why this period is longer than that derived from gravitational data by Anderson and Schubert [2007] ; and also why a $1°dipole tilt has not been definitively observed in near-planetary magnetometer data.
[21] Thus, while we cannot entirely rule out an internal source for the oscillation, given that the motion appears to be elliptical, there is probably some other external process that contributes to the oscillation. Importantly, this observation provides the first constraint of the tilt of Saturn's dipole that is not inferred from magnetometer data and is consistent with the canonical upper limit of the latter. A second possible explanation mentioned above is that the oscillation of the auroral oval is caused by a magnetospheric current system, such as that due to nonaxisymmetric magnetospheric convection Hill et al., 1981; Gurnett et al., 2007; Goldreich and Farmer, 2007] , which reproduces the effect of a tilted dipole, and we have shown how the current system envisaged by Goldreich and Farmer [2007] may lead to a $1°shift of the auroral oval. Recently, Southwood and Kivelson [2007] discussed on the basis of Cassini magnetometer observations a magnetospheric current system flowing on field lines threading the equatorial plane around 11 -15 R S , which would mimic a tilted dipole of 12 -18°beyond this distance. Such a tilt is clearly much larger than that discussed here, but the effect may be reduced considerably in the ionosphere . In either case, a naïve application of such rotating current system would also lead to a circular, rather than elliptical, motion of the auroral oval, such that further work on the relation of such rotating current systems to the motion of the auroral oval is clearly warranted.
[22] In addition, an HST campaign is scheduled to observe Saturn near its equinox in 2009, providing the optimum viewing geometry required to observe both poles simultaneously to determine whether the north and south ovals oscillate in phase or antiphase and also determine whether the overall location and morphology of the northern auroras are similar to the south. Although the view will be highly oblique, the dawn-dusk motion at least should be detectable since it is less dependent on the obliquity of the view than the noon-midnight motion. If it turns out that the conjugate auroral ovals oscillate in antiphase then the cause is likely to be a tilted dipole or an external current system which produces similar antisymmetric displacements associated [2007] . A 15°radius circle centered on the pole is shown in light green, the ionospheric mapping of 12 points of equal field strength in the equatorial plane are shown in dark green, the ionospheric path of the model current is shown in blue and a circle displaced 1.5°toward the current, illustrative of the overall displacement of the twelve points, is shown in yellow. A 10°Â 10°latitude-longitude grid is overlaid.
with azimuthal field perturbations that are symmetric about the equator. If, on the other hand, they oscillate in phase then an external current system that produces displacements symmetric about the equator, i.e., associated with antisymmetric azimuthal field perturbations, is probably the source. Interestingly, at all times other than equinox the model of Goldreich and Farmer [2007] , predicts an asymmetric north -south response. At equinox, they predict that the magnetic perturbations from the north and south hemispheres will be opposite, thus the displacement will be symmetric in the north and south. Until we obtain simultaneous conjugate auroral oval images with HST the northsouth symmetry will remain an ambiguity of the result. With regard to the rotation period, under the interpretation that the oval rotation is due to an external current system, then the period may vary over time, as does the period of the SKR. If, despite the ellipticity of the motion, the oscillation is due to an internal source, then this work may represent an observation of the rotation of Saturn's deep interior, albeit with a somewhat low frequency resolution, with a period of $10.75 h ± 0.15 h, the lower of the two values obtained here. The uncertainties in the period encompasses the range of rotation periods previously measured from the SKR and magnetometer data, mainly due to the limited volume of HST data currently available compared to the near-continuous Cassini data obtained since orbit insertion in 2004. However, the accuracy to which the period can be determined using this method is dependent on the length of time over which observations can be made, and since the measurements were taken using an Earth-based platform they are not dependent on the longevity of the Cassini mission.
